PDZ domains are highly abundant protein-protein interaction modules and are often found in multidomain scaffold proteins. PDZ-domain-containing scaffold proteins regulate multiple biological processes, including trafficking and clustering receptors and ion channels at defined membrane regions, organizing and targeting signalling complexes at specific cellular compartments, interfacing cytoskeletal structures with membranes, and maintaining various cellular structures. PDZ domains, each with ∼90-amino-acid residues folding into a highly similar structure, are best known to bind to short C-terminal tail peptides of their target proteins. A series of recent studies have revealed that, in addition to the canonical target-binding mode, many PDZ-target interactions involve amino acid residues beyond the regular PDZ domain fold, which we refer to as extensions. Such extension sequences often form an integral structural and functional unit with the attached PDZ domain, which is defined as a PDZ supramodule. Correspondingly, PDZdomain-binding sequences from target proteins are frequently found to require extension sequences beyond canonical short Cterminal tail peptides. Formation of PDZ supramodules not only affords necessary binding specificities and affinities demanded by physiological functions of PDZ domain targets, but also provides regulatory switches to be built in the PDZ-target interactions. At the 20th anniversary of the discovery of PDZ domain proteins, we try to summarize structural features and target-binding properties of such PDZ supramodules emerging from studies in recent years.
INTRODUCTION
PDZ domains, originally recognized as ∼90-amino-acid residue repeats in the three founding members of structural proteins called the PSD-95 (postsynaptic density-95), the Drosophila tumour suppressor protein Dlg-1 (discs large 1) and the tight junction protein ZO-1 (zonula occludens 1) [1] [2] [3] [4] , are now known as one of the most abundant protein-protein interaction modules found in all metazoans [5] [6] [7] [8] [9] . More than 150 PDZ domaincontaining proteins with over 250 non-redundant PDZ domains have been recognized in the human proteome [8] . Several characteristic features can be readily extracted after the domain organization analysis of PDZ-domain-containing proteins ( Figure 1 ). First, PDZ domains often coexist with a wide variety of modular domains including PDZ itself. Secondly, many PDZ proteins contain multiple repeats, and some of them can be very large [e.g. MUPP1 (multiple PDZ-domain-containing protein 1) contains 13 PDZ domains plus an L27 domain at the N-terminus] (Figure 1 ). Thirdly, most PDZ proteins lack intrinsic catalytic activities, and thus they largely function as pure scaffold proteins. PDZ domain proteins play critical roles in very broad biological processes including cell polarity establishment and maintenance, directed cell migrations, tissue growth and differentiation and embryonic development, through trafficking and clustering receptors and ion channels at defined membrane regions, organizing and targeting signalling complexes or cell fate determinants at specific cellular compartments, and connecting cytoskeletal structures with membranes. Mutations of PDZ domain proteins and their interaction partners are frequently linked to various human diseases including many forms of cancers and neurological disorders [10] [11] [12] [13] .
A canonical PDZ domain contains six β-strands (βA to βF) and two α-helices (αA and αB), and the six β-strands form a partially opened barrel with each of its opening sides capped with one α-helix [14] (Figure 2 ). The best known function of PDZ domains is to bind to a short stretch of amino acid residues (approximately five to seven amino acids) at the C-termini of target proteins [5, 6, 15] . Peptide ligands bind to an extended groove formed by βB and αB of a PDZ domain via forming an antiparallel β-sheet with βB. The C-terminus of a peptide ligand binds to the so-called 'GLGF motif' at one end of the αB/βB groove ( Figure 2 ). The specificities of PDZ-binding peptides are chiefly determined by the residues at the 0 and − 2 positions of the peptide ligands, and thus PDZ-binding ligands are often categorized on the basis of the type of residues in these two positions [16] . Recent systematic PDZ-ligand interaction studies revealed that residues at the other positions ( − 1, − 3, − 4 and − 5) of the peptide ligands also contribute to the binding specificities [17, 18] . Some of the PDZ domain can also recognize
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Figure 1 Domain organizations of a selected set of PDZ domain proteins
Proteins are grouped according to their domain organization patterns. PDZ domains are shown in orange. Ank, ankyrin repeats; CaM kinase, calmodulin-dependent kinase (CaMK)-like domain; CASK; calmodulin-associated serine/threonine kinase; CC, coiled-coil domain; CRIB, Cdc42/Rac-interactive binding domain; LRR, leucine-rich repeat; MPP, membrane protein, palmitoylated; N, N-terminal domain; Par, partitioning defective homologue; PATJ, PALS1-associated tight junction protein; PB1, Phox and Bem1p domain; SAP97, synapse-associated protein 97; ZU5, domain present in ZO-1 and UNC5-like netrin receptor. the internal peptide sequences [19, 20] . In addition to binding to the peptide ligands, a significant portion of PDZ domains can also specifically interact with phospholipids [21] [22] [23] [24] [25] .
In the present review, we focus on a series of recent studies showing that, in addition to the well-documented canonical PDZ-target interaction mode shown in Figure 2 , many PDZ domains employ amino acid sequences beyond the canonical PDZ domain fold, which we refer to as 'extended PDZ domains'. Such extension sequences often form an integral structural and functional unit with the regular PDZ domains, and we term the 'extended PDZ domains' as PDZ supramodules. Accordingly, PDZ-domain-binding regions from target proteins also often require extension sequences (or even additional domains) beyond short C-terminal tail peptides. In the present review, we summarize the structural features of such PDZ supramodules and their complexes with cognate target peptides/proteins. Formation of PDZ supramodules often allow these PDZ domain proteins to bind to their targets with much higher specificities and affinities. An additional advantage of forming PDZ supramodules is that regulatory switches can be readily built in to modulate the interactions between PDZ domains and target proteins.
STRUCTURES FEATURES AND TARGET-BINDING PROPERTIES OF PDZ SUPRAMODULES

PDZ domains with short extensions at N-or C-termini
It is increasingly recognized that additional residues outside of the canonical PDZ domain sequences often play critical roles in modulating both the structure and function of a PDZ domain. A previous bioinformatics study showed that a very large proportion of PDZ domains (∼40 %) contain extension sequences at the two termini of the canonical domain boundary, and these extensions are often highly conserved and predicted to form either α-helices or β-strands [8] . Interestingly, a number of disease-associated mutations has been found in the extension sequences of several PDZ domains [26] [27] [28] , implying that these extension sequences may modulate the functions of the associated PDZ domains.
PSD-95 (also known as Dlg-4), a member of the MAGUK (membrane-associated guanylate kinase) family scaffold proteins, contains three PDZ domains, an SH3 (Src homolgy 3) domain and a GK (guanylate kinase-like) domain. PSD-95 is one of the most abundant proteins in postsynaptic densities and perhaps one of the best-characterized PDZ domain proteins. Notably, the first PDZ domain structure solved is the complex between PSD-95 PDZ3 and a C-terminal peptide from CRIPT (cysteinerich interactor of PDZ3) [14] . Interestingly, the structure of PDZ3 contains an additional C-terminal α-helix extension distal to the ligand-binding groove of the domain and the α-helix extension directly packs with the core of PDZ ( Figure 3A ), although this structural feature was not discussed in the original publication [14] . Subsequent studies showed that removal of the C-terminal α-helix extension leads to a ∼25-fold decrease in the binding affinity to the CRIPT peptide ( Figure 3C ) [30] . NMRbased studies showed that the backbone motion of PDZ3 is largely unaffected, whereas many of the side chains of PDZ3 experience significantly increased flexibilities after removal of the C-terminal extension, indicating that the C-terminal extension plays a role in modulation of the target-binding affinity of the PDZ domain by lowering its conformational entropy [30] or possibly by directly contacting the target peptide [31, 32] . Moreover, the C-terminal extension may also play a regulatory role in the PSD-95 PDZ3-target interaction. The aromatic ring of Tyr 397 located at the centre of the helix extension physically interacts with the PDZ core. It was shown that Tyr 397 can be phosphorylated in vivo [33] , and phosphorylation of Tyr 397 can uncouple the helix extension from the PDZ3 core and thus lead to a weakened interaction with the target peptide [34] .
NHERF (sodium-hydrogen exchange regulatory cofactor) is another case of a PDZ domain using extension sequences to modulate its target-binding properties. NHERF1 contains two PDZ domains connected in tandem and a C-terminal ezrin-binding motif. Both NHERF1 PDZ domains contain extension sequences at their two termini [35, 36] . The C-terminal helical extension of NHERF1 PDZ2 forms two α-helices and directly couples with the core of the PDZ domain ( Figure 3B ). CFTR (cystic fibrosis transmembrane conductance regulator) interacts with NHERF1 PDZ2 in a C-terminal helical extension-dependent manner [35] . Similar to the C-terminal extension in PSD-95 PDZ3, structural coupling of NHERF1 PDZ2 C-terminal extension considerably reduces the conformational dynamics of the domain, allowing PDZ2 to interact with the CFTR peptide with higher affinity. Removal of the PDZ2 extension decreases the CFTR-binding affinity ∼10-fold ( Figure 3C ).
Given that numerous PDZ domains contain extension sequences with predicted secondary structures [8], we believe that many more additional examples of extended PDZ domains will be discovered in the near future (for a recent review on this topic see [9] ). We further predict that the extension sequences of extended PDZ domains may play more direct roles in modulating targetbinding specificities as well as affinities other than the relatively 'indirect' roles observed in PSD-95 PDZ3 and NHERF1 PDZ1 and PDZ2.
Homotypic PDZ supramodules
An obvious feature of many PDZ domain proteins is that they often contain multiple PDZ domains ( Figure 1 ). Multiple PDZ domains in these PDZ proteins are arranged into closely linked tandem arrays with short and conserved interdomain sequences, implying that such interdomain connecting sequences may play an additional role other than domain connectors. Indeed, increasing examples discovered in recent years have revealed that multiple PDZ domains in tandem arrays often interact with each other to form integral structural units with target-binding properties distinct from individual PDZ domain or a simple sum of PDZ domains within a tandem. We term these PDZ tandem arrays with integrated structures as homotypic PDZ supramodules. In the present review, we discuss the structural features and target-binding properties of several known homotypic PDZ supramodules.
In several homotypic PDZ supramodules, one PDZ domain functions as a 'chaperone' to stabilize the folding of the neighbouring ligand-engaging PDZ domain through extensive interdomain couplings. The PDZ45 and PDZ12 tandems of GRIP1 (glutamate receptor-interacting protein 1) were examples of such homotypic supramodules [37, 38] . GRIP1 and GRIP2, each containing six to seven PDZ domains, are first identified by their interactions with GluR2/3 (glutamate receptor 2/3) subunits of AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) receptors [39, 40] . The C-terminal tail of the GluR2 subunit of the AMPA receptor interacts with the fifth PDZ domain of GRIP1. However, covalently connected PDZ4 is absolutely required for PDZ5 to bind to the GluR2 tail [41] . The structure of the GRIP1 PDZ45-GluR2 complex revealed that PDZ4 and PDZ5 tightly pack with each other, forming a structural supramodule. The conserved linker between the two PDZ domains plays a critical role in integrating the two PDZ domains together by forming a β-strand antiparallel to βA of PDZ5 and by directly interacting with the N-terminal extension of PDZ4 ( Figure 4A , panel i) [37] . In the PDZ45 tandem, the αB/βB groove of PDZ4, although completely accessible, is distorted and thus predicted to be unfavourable for C-terminal peptide ligand binding. The isolated GRIP1 PDZ5 is completely unfolded in solution and not capable of binding to GluR2, and isolated PDZ4 is stably folded [37, 41] . Thus it seems that the primary role of PDZ4 is to maintain the folding of PDZ5, thus supporting the PDZ45 supramodule to bind to GluR2 ( Figure 4A , panel i). It was noted that the PDZ45 supramodule contains two highly conserved serine residues within the interdomain linker (Ser 567 and Ser 568 in human GRIP1). Replacing either one or both of the serine resides with glutamic acid led to destabilization of PDZ5, suggesting that phosphorylation of the serine residues in the PDZ45 linker may play a regulatory role in the GRIP1-AMPA association ( Figure 4A , panel i).
A similar interdomain chaperoning effect can be found in the GRIP1 PDZ12 tandem. The folding of PDZ1 strictly depends on the covalent attachment of PDZ2 ( Figure 4B , panel ii). The interaction between Fras1 tail and GRIP1 PDZ1 requires the first two PDZ domains (PDZ1 and PDZ2) to be connected in tandem [38] . The crystal structure of GRIP1 PDZ12 in complex with the Fras1 C-terminal peptide reveals that the PDZ12 tandem forms a supramodule and interacts with Fras1 through the PDZ1 canonical peptide-binding groove [38] (Figure 4B , panel i). In the GRIP1 PDZ12 tandem, the target-binding groove of PDZ2 is completely occluded by the back side of PDZ1, suggesting that PDZ2 functions as PDZ1's folding partner. A highly conserved tyrosine residue (Tyr 134 ) located at the interface between PDZ1 and PDZ2 plays a critical role in 'stitching' the two PDZ domains together. Mutation of the tyrosine residue to glutamic acid led to the unfolding of PDZ1 and subsequent dissociation of Fras1, suggesting that the interaction between GRIP1 PDZ12 and Fras1 might be regulated by phosphorylation of Tyr 134 [38] ( Figure 4B , panel ii). Recent structural, biochemical and functional studies of the PDZ45 tandem from Drosophila visual signalling scaffold protein INAD (inactivation no after potential D) reveals a number of previous unanticipated features of homotypic PDZ supramodules. Within the microvilli of fly photoreceptor cells, INAD organizes the core components of the phototransduction pathway into a supramolecular complex, involving the Ca 2 + -permeant TRP (transient receptor potential) channel, PLCβ (phospholipase Cβ/norpA) and ePKC (eye-specific protein kinase C) via distinct PDZ domains [42] . A pair of cysteine residues in INAD PDZ5 (Cys 606 and Cys 645 ) undergo light-dependent reversible oxidation and mediate the target interaction of PDZ45 ( Figure 4C ). When flies are kept in the dark, the two cysteine residues in PDZ5 are in the reduced form. On exposure to light, PDZ5 is converted into the oxidized state by forming intramolecular Cys 606 -Cys 645 disulfide bond [43] , most likely leading to the dissociation of the PDZ5-binding target due to the disulfide-induced distortion of the ligand-binding groove. This light-dependent oxidation of INAD PDZ5 is required for the light-induced escape behaviour of flies [43] . Subsequent detailed biochemical and structural studies showed that the redox potential of INAD PDZ5 is allosterically regulated by a direct conformational couplings with PDZ4 as well as a short C-terminal extension of PDZ5 [44] ( Figure 4C ). Unlike PDZ1 and PDZ5 in GRIP1, isolated INAD PDZ5 is highly stable in solution. Interestingly, the oxidized form (i.e. with the Cys 606 -Cys 645 disulfide bond) of isolated PDZ5 is highly stable. Formation of the PDZ45 supramodule dramatically raises the redox potential of the Cys 606 -Cys 645 disulfide pair and thus maintains PDZ5 in the reduced state capable of binding to its target with high affinity ( Figure 4C , panel ii) [44] . The studies of the INAD PDZ45 reveal that, in addition to wellknown passive scaffolding roles, scaffold proteins can actively modulate biological signalling processes (e.g. modulating photoreception dynamics in fly eyes by forming a reversible INAD PDZ45 supramodule) [43, 44] . The reversible conformational coupling of INAD PDZ45 is regulated by proton released by PIP 2 (phosphatidylinositol 4,5-bisphosphate) hydrolysis, a reaction catalysed by light-activated PLCβ in fly photoreceptors [44, 45] . In the INAD PDZ45 supramodule, the C-terminal extension of PDZ5 wraps around the rear side of PDZ4, and physically staples the two PDZ domains together [44] (Figure 4C ). Thr 669 located in the C-terminal tail forms a strong hydrogen bond with the imidazole ring of His 547 in PDZ4. Protonation of His 547 , a process presumably mediated by PLCβ-controlled hydrolysis of PIP 2 , breaks the hydrogen bond and thereby leads to uncoupling of the PDZ45 supramodule and subsequent oxidation of PDZ5 [44] .
It should be pointed out that homotypic PDZ supramodules are not limited to the tightly coupled PDZ tandems. The first two PDZ domains of PSD-95, connected by a short and conserved linker, were shown to interact with each other rather weakly [46] . Such weak inter-PDZ interaction limits the conformational freedom of the two PDZ domains and positions the two C-terminal peptide-binding grooves of PSD-95 PDZ12 with an orientation favourable for binding to tails of multimeric transmembrane receptors or ion channels extending from the membrane bilayers (a phenomenon known as 'multivalency effect') [46, 47] (Figure 4D ). Increasing the spacing between PDZ1 and PDZ2 led to decreased binding affinity between PDZ12 and its dimeric targets. Moreover, isolated PDZ1 and PDZ2 have similar structures and targetbinding properties. The bivalent PSD-95 PDZ12 supramodule not only can provide exquisite specificity and much enhanced affinity in binding to multimeric membrane targets, but also may indicate that the PSD-95 PDZ12 tandem can induce dimerization of receptors/ion channels [46] . The bivalent target interaction mode revealed in the PSD-95 PDZ12 supramodule also suggests that one might be able to develop bivalent low-molecular-mass inhibitors targeting both PDZ1 and PDZ2 to modulate PSD-95-target interactions [48] . Indeed, several recent studies have described developments of such bivalent low-molecular-mass inhibitors that are very specific and potent towards the PSD-95 PDZ12 supramodule, and such inhibitors show promising potential in protecting stroke-induced ischaemic brain damage by disrupting the formation of the NMDA (N-methyl-D-aspartate) receptor-PSD-95-nNOS (neuronal nitric oxide synthase) ternary complex [49, 50] .
An increasing number of examples, including those described above, demonstrates that two or more PDZ domains connected in tandem often display distinct target-binding properties from each isolated domain or the simple sum of the isolated PDZ domains [37, 38, 44, 46, 51, 52] . These distinct target-binding properties originate from the direct interactions of PDZ domains in the tandem, which is in contrast with the simple 'beads-on-a-string' model commonly viewed for multidomain scaffold proteins. As shown in the INAD PDZ45 tandem [44] and suggested for a number of other PDZ supramodules shown in Figure 4 , an additional advantage of arranging multiple protein modules into a higher-order supramodule is to be able to build regulatory mechanisms into scaffold proteins, thereby enabling the scaffold proteins to actively control signalling events organized around them. It should be pointed out that, in addition to PDZ domain tandems, the supramodular organization is likely to be a common feature for many other multidomain proteins involved in diverse cellular signalling events.
Heterotypic PDZ supramodules
In addition to being arranged into closely spaced tandem arrays, PDZ domains are often found to coexist with diverse other protein-interacting domains or signalling modules (Figure 1 ). Emerging evidence suggests that some PDZ domains physically interact with such non-PDZ protein domains, forming structurally and functionally distinct higher-order units, which are termed heterotypic PDZ supramodules. Formation of heterotypic PDZ supramodules allows PDZ domains to function co-operatively with many other domains to perform their specific functions.
Harmonin [also known as USH1C (Usher syndrome 1C); a multi-PDZ domain protein] ( Figure 1C ) and Sans (USH1G) are two of the key scaffold proteins in the so-called USH1 (Usher syndrome 1) protein complex [11, 53] . USH1 is the most severe form of hereditary hearing-vision loss disease in humans, and is caused by mutations of one or multiple of the five USH1 genes including USH1C and USH1G [53] . Harmonin and Sans interact directly with each other regulating the development and maintenance of cilia in photoreceptors and hair cells [53, 54] . Detailed biochemical studies showed that both the N-terminal domain proceeding PDZ1 and a stretch of extension sequence following PDZ1 are required to function together with the PDZ domain for harmonin to form a stable complex with Sans [55] . It turns out that the helical N-terminal domain and PDZ1 are tethered by the C-terminal PDZ1 extension, which forms a minidomain composed of a β-hairpin followed by an α-helix, to form an integral structural supramodule for harmonin (referred to as NPDZ1) to interact with Sans [55] (Figure 5A ). The isolated harmonin PDZ1 is unstable and not sufficient for binding to Sans. Interestingly, both the SAM (sterile α-motif) domain and PBM (PDZ-binding motif) of Sans (referred to as SAM-PBM) are required for Sans to form a high-affinity complex with harmonin [55] (Figure 5B ). The structure of the harmonin NPDZ1-Sans SAM-PBM complex reveals that the canonical Sans PBM (the last four residues to be precise) binds to the αB/βB groove of harmonin PDZ1 and the upstream four residues (from the − 4 to − 7 positions) of PBM extensively interact with the minidomain extension following PDZ1 ( Figure 5B ). Perhaps most unexpectedly, the Sans SAM domain binds directly to harmonin PDZ1 via a surface outside its αB/βB groove (i.e. forming a PDZ-SAM heterodimer; Figure 5B ), revealing a previously unknown interaction mode both for the PDZ domain and for the SAM domain [55] . The canonical target-binding groove of PDZ1, the C-terminal mini-domain extension, and an additional binding surface in PDZ1 form an extensive interaction interface for Sans SAM-PBM ( Figure 5B) . Accordingly, the complex formed between harmonin NPDZ1 and Sans SAM-PBM is extremely tight (with a K d value of ∼1 nM) [55] , the most stable PDZdomain-mediated protein complex known to date.
MAGUKs ( Figure 1B) are a large family of PDZ domain scaffold proteins that play critical roles in diverse cellular processes including intercellular connections, cell polarity development and maintenance, neuronal plasticity, and cell survival in both metazoans and premetazoans [56, 57] . The founding members of PDZ domain proteins (PSD-95, Dlg and ZO-1) are all members of the MAGUK family. Every member of the MAGUK family of proteins except for MAGI (membraneassociated guanylate kinase inverted) share a core structural module composed of a PDZ domain, an SH3 domain and a catalytically inactive GK domain arranged sequentially into a PDZ-SH3-GK complex. Such domain organization of MAGUKs is highly conserved throughout evolution, indicating that the signature PDZ-SH3-GK complex may form a structural and functional supramodule. This idea was confirmed recently in the PDZ-SH3-GK complex of ZO-1 [58, 59] . The crystal structure of the ZO-1 PDZ3-SH3-GK tandem in complex with two different target peptides shows that the PDZ domain physically interacts with the SH3-GK tandem forming an integrated heterotypic PDZ supramodule with a rod-like shape ( Figure 5C ). As shown in the SH3-GK tandem of other MAGUKs [60] [61] [62] , the SH3 and GK domains of ZO-1 interact with each other, forming an integral structure supramodule in which the last two β strands (βE and βF) of the SH3 domain come from the extreme N-and C-termini of the GK domain ( Figure 5C ). Furthermore, it was found that the interdomain linker between PDZ3 and SH3 forms an α-helix, which, together with a number of residues from αB and the βB/βC loop of PDZ3, mediate the extensive domain-domain coupling between PDZ3 and SH3 domain ( Figure 5C ). Sequence analysis shows that the residues responsible for the inter-PDZ-SH3 domain interactions are highly conserved among different species, indicating that the supramodule is a feature important for ZO-1 function. The formation of PDZ3-SH3-GK supramodule significantly modifies the target-binding property of ZO-1 PDZ3 [58, 59] . PDZ3-SH3 coupling reshapes the target-binding pocket of PDZ3 by generating an additional binding site for a target in the PDZ3-SH3 interface, and thus enhances the interaction between the PDZ3-SH3-GK complex and its targets. Mutations disrupting the interdomain coupling between PDZ3 and SH3 weaken the interaction between the PDZ-SH3-GK complex and its targets such as Cx45 (connexin45) [58] .
Similar supramodular properties of the PDZ-SH3-GK tandem may also exist in other MAGUKs. Dlg1, the mammalian homologue of the Drosophila Dlg tumour suppressor, is found to interact with the synaptic protein GKH (GK holder) to facilitate the organization of signal transduction pathways in the establishment and maintenance of epithelial polarity. Previous studies have demonstrated that functional interaction between the Dlg1 SH3-GK tandem and GKH depends on the presence of the PDZ3 domain of Dlg1 and this interaction is further regulated by the PDZ3-binding peptide [63, 64] . It was also shown very recently that PDZ3 of PSD-95 is localized adjacent to the SH3-GK tandem, and directly interacts with the SH3 domain via PDZ peptide binding groove and the interdomain linker between PDZ3 and SH3, although the interaction between PDZ3 and the SH3-GK tandem seems to be very weak and transient [65, 66] . Therefore this emerging evidence suggests that formation of the PDZ-SH3-GK supramodule may be a rather common feature for many of the MAGUK family members, although the detailed structural basis for the formation of PDZ3-SH3-GK supramodules and the consequent functional implications remain to be elucidated.
Non-canonical binding modes for canonical PDZ domains
The best known target-binding mode for a canonical PDZ domain is to recognize a short peptide fragment located at the extreme Cterminal tail of target proteins. However, accumulating evidence indicates that C-terminal tail peptides with only a few residues in length are too restrictive to fully account for the functional and structural characteristics of PDZ domains [17, 18] . Large-scale systematic PDZ-target interaction screening studies [17, 18] as well as many individual case studies (reviewed previously in [5, 7] ) have shown that PDZ domains both within the same class and sometimes even from different classes share overlapping bindings to short C-terminal peptides (i.e. the canonical PDZ-target interactions are rather promiscuous). However, such promiscuous PDZ-target interactions (i.e. with low specificities) are not compatible with highly specific cellular functions known for many PDZ domain proteins as well as their binding targets. Additionally, the majority of the reported PDZ-target peptide interactions display rather weak binding affinities (with K d in the range of a few micromolar to tens of micromolar). It is again hard to rationalize specific functional roles for many PDZ scaffold-target protein complexes known to date. For example, many PDZ domain proteins with overlapping target-binding properties and a large number of receptors, ion channels or cell adhesion molecules containing PBMs are known to coexist in various specific cellular regions such as postsynaptic densities in neuronal synapses or intercellular junctions in polarized epithelia. It is conceptually challenging how PDZ-target interactions with rather poor specificities and weak affinities can support highly specific cellular functions of many PDZ-binding targets such as glutamate receptors, various ion channels including Ca 2 + channels and many ligand-gated receptors. It is possible that our current understanding of PDZ-target interactions is partial, and many specific and strong PDZ-target interactions with new interaction modes have escaped our detection for various technical reasons. An increasing number of non-canonical target-binding modes revealed for canonical PDZ domains in recent years provide partial answers to the issue of target-binding specificities. Below, we summarize some of such non-canonical PDZ-target recognition modes.
It is now well-accepted that, in addition to binding to C-terminal peptides, some PDZ domains can specifically recognize internal peptide fragment from target proteins [19, 20] . One such example is the Par (partitioning defective)-6 PDZ domain, which has been reported to bind to an internal peptide fragment from Pals1 as well as to conventional C-terminal peptides [19, 67, 68] (Figure 6A ). The structure of the Par-6 PDZ-Pals1 peptide complex revealed that Pals1 internal ligand adopts an extended conformation to bind to the αB/βB groove of Par-6 PDZ. The side chain aspartic acid at the + 1 position mimics the carboxy group of the canonical Cterminal peptide ligand in binding to the carboxy-group-binding loop of the PDZ domain [19] . Another example of recognizing internal peptide sequences is the interaction between the PDZ domains from β-syntrophin or PSD-95 and the internal β-hairpin finger of the nNOS PDZ domain [20, 69] . The PDZ domain of nNOS specifically heterodimerizes with the PDZ domains of β-syntrophin from muscle and with PSD-95 in neurons, and thereby regulates NO production and signalling in these tissues [70, 71] . Structural analysis of nNOS PDZ in complex with β-syntrophin PDZ or with PSD-95 PDZ2 reveals that nNOS PDZ domain contains an unusual β-finger extension at its C-terminal end, and this β-finger extension is physically anchored to the back side (i.e. opposite to the αB/βB groove) of the nNOS PDZ itself via one of the β-strands. The other strand of the nNOS PDZ β-finger inserts into the αB/βB groove of β-syntrophin PDZ or PSD-95 PDZ2 [20, 69] (Figure 6B ). Analogous to the carboxy group from the canonical C-terminal peptides, the backbones of the residue in the turn connecting the two strands of the nNOS PDZ β-finger form hydrogen bonds with the carboxy-group-binding loop of the β-syntrophin-PSD-95 PDZ domains ( Figure 6B, panel ii) . A recent systematic study showed that a sizable portion of PDZ domains can form heterodimers with another PDZ domain [72] , suggesting that dimerization is a rather general property of PDZ domains.
In addition to the residues at the extreme C-terminal ends, residues at the upstream positions (up to more than ten residues from the last C-terminal residue) are also important for many C-terminal PDZ targets to bind to their cognate PDZ domains ( [73] [74] [75] [76] [77] , and reviewed recently in [9]; therefore we only discuss this very briefly in the present review). For an example, Par-3 PDZ3 can bind to PTEN (phosphatase and tensin homologue deleted on chromosome 10) or VE-cadherin (vascular endothelial cadherin) with two discrete binding sites: a canonical PDZligand interaction site and a distal charge-charge interaction site in the βB/βC loop ( Figure 6C ) [73, 76] . This distinct target recognition mechanism confers the interaction specificity of Par-3 with its targets (e.g. PTEN), which is important for the cellular localization of PTEN at the junctional membranes of MDCK cells [73] .
The Par-6 PDZ domain offers another example of noncanonical target-binding mode for a classical PDZ domain. The Par-6 PDZ domain contains a semi-CRIB [Cdc42 (cell division cycle 42)/Rac-interactive binding] sequence at its N-terminal end. Thus Par-6 PDZ is another example of PDZ domains with short extensions discussed above. The semi-CRIB sequence of Par-6 PDZ domain is known to binding to Cdc42 in a GTP-dependent manner, and the interaction require the semi-CRIB sequence to be covalently attached to the PDZ domain [78] [79] [80] . In the apo-form of Par-6 PDZ, the semi-CRIB extension is dynamic and unstructured [80] . Upon forming a complex with Cdc42, the semi-CRIB sequence forms a β-strand extension that is antiparallel to both β2 of Cdc42 and βA of Par-6 PDZ, thus integrating the two domains together by forming an eight-stranded β-sheet ( Figure 6D ). Cdc42 also makes direct contact with αA of Par-6 PDZ, leading to a conformational rearrangement of the helix and surrounding loops. Interestingly, binding of Cdc42 to the semi-CRIB sequence induces long-range allosteric conformational changes to the targetbinding groove of the PDZ domain [80, 81] , and consequently enhances its target-binding affinities [67, 82] . The Cdc42 bindinginduced allosteric conformational change and the subsequent enhanced target binding have great implications for the regulation of PDZ domain-mediated protein complex organizations (see below for more details). Several recent studies have shed light on possible origins of the allosteric conformational couplings in PDZ domains. These studies provided evidence that a small set of amino acid residues in a PDZ domain are physically and energetically coupled with each other, most likely via their side chains, forming a long-range interaction network or networks spanning from the target-binding αB/βB groove to αA at the opposite side of the domain [83] [84] [85] . Therefore it is possible that binding of a regulatory protein to a site opposite to the target-binding groove can influence target-binding property of a PDZ domain.
Another noteworthy case of non-canonical PDZ-target recognition is the interaction between ZO-1 PDZ2 and Cx43 (connexin43) involving the domain-swapped dimerization of ZO-1 PDZ2 [74] . ZO-1 plays critical functions in mediating the formation and maintenance of intercellular junctions, including tight junctions, adherens junctions and gap junctions, through direct binding to multiple junctional proteins including connexins, occludins, claudins, JAM1 (junctional adhesion molecule 1) and α-catenin [86, 87] . The structure of ZO-1 PDZ2 and Cx43 complex reveals that ZO-1 PDZ2 domain undergoes a domainswapped dimerization ( Figure 7A ), which is induced by the lack of the connecting residues between its βB and βC [74] . The formation of the domain-swapped dimer creates an additional highly charged target-binding site at the dimer interface distal to the canonical C-terminal peptide-binding groove ( Figure 7A ), thereby enhancing both the affinity and specificity of Cx43 in binding ZO-1 PDZ2 [74] . Disruption of the domain-swapped dimer formation by inserting a few flexible residues in the βB/βC loop of the PDZ domain abolishes the binding between ZO-1 PDZ2 and Cx43. The charge-charge interaction network formed by residues in the PDZ dimer interface and Cx43 not only confers the interaction specificity, but also may function as a regulatory switch for the interaction. Two completely conserved serine residues in the − 9 and − 10 positions of the Cx43 peptide have reported to be substrates of several kinases, including PKC (protein kinase C) and Akt [88] . Mutation of serine residues ( − 9 and − 10 positions) to glutamate in the Cx43 to mimic their phosphorylations weakens the interaction between PDZ2 and Cx43, indicating that the phosphorylation may play a regulatory role for the dynamic assembly of the Cx43 gap junctions [74] .
A somewhat intriguing PDZ-target-binding mode is an asymmetric interaction between the Shank PDZ monomer and the β-PIX (β-p21-activated kinase-interacting exchange factor) trimer [89] . The Shank family protein (Shank1, Shank2 and Shank3) are synaptic scaffolding proteins that play important roles in organizing multi-protein complexes in the PSD of excitatory glutamatergic synapses [90, 91] . SHANK genes are known as causative genes for idiopathic autism spectrum disorders [28, 92, 93] . β-PIX, a guanine-nucleotide-exchange factor for Rac1 and Cdc42 GTPases, is reported to interact with the PDZ domain of Shank to regulate synaptic development and plasticity [94] . Interestingly, both the C-terminal leucine zipper domain as well as the extreme C-terminal PBM of β-PIX is required for its Shank PDZ binding [94] . The complex structure of Shank PDZ and β-PIX shows that the C-terminal leucine zipper of β-PIX forms a parallel trimer with three PBMs pointing to the same direction. However, each β-PIX trimer binds to one Shank PDZ domain forming a 3:1 stoichiometric complex [89] (Figure 7B ). In the Shank PDZ-β-PIX complex, only one of the three β-PIX PBMs binds to the canonical binding groove of Shank PDZ due to the steric hindrance between the bound PDZ domain and the Cterminal end of the β-PIX coiled-coil, and the remaining two are not involved in the binding and are unstructured ( Figure 7B) . Relief of the steric hindrance by insertion of a 15-residue flexible loop between the coiled coil and PBM allows β-PIX to bind to Shank PDZ by forming a 3:3 complex [89] (Figure 7B , panel ii). Nonetheless, it is rather perplexing as to why β-PIX needs to form a trimer to bind to a single Shank PDZ (i.e. the functional significance of this asymmetric Shank PDZ-β-PIX interaction is unclear).
Although numerous examples of PDZ-ligand interactions have now been identified, and structural bases governing many of such interactions have been elucidated to date, it is safe to predict that many more additional PDZ-target interaction modes remain to be discovered. We believe that various forms of PDZ extensions as well as non-canonical PBMs can generate diverse interaction modes for forming specific PDZ protein-target complexes demanded by physiological settings. Uncovering these new PDZ-target interaction modes and elucidation of the molecular mechanisms governing these new modes of interactions is an important research direction for the PDZ domain scaffold proteins in the coming years.
FUNCTIONAL REGULATIONS OF INTERACTIONS OF PDZ DOMAINS WITH THEIR TARGETS
Intuitively, the majority of PDZ domain-target interactions should be reversible. Thus it is expected that the formation of many of PDZ domain-target complexes is regulated. Compared with the wealth of knowledge on the molecular mechanisms governing PDZ-target interactions discussed above, our knowledge of the regulation of these interactions is scant. Nonetheless, several regulatory switches that can specifically modulate certain PDZtarget interactions have been discovered over the last few years.
In the remaining part of the present review, we summarize this aspect of findings.
Phosphorylation-mediated regulation of PDZ-target interactions
PBMs are enriched with serine/threonine or tyrosine residues at positions − 1, − 2, − 3, or even more upstream positions, and these phosphorylatable amino acid residues often directly participate in their binding to cognate PDZ domains. Thus phosphorylation of serine/threonine or tyrosine residues in PBMs are expected to weaken or even disrupt their PDZbinding capacities [95] [96] [97] [98] [99] . One of the well-characterized phosphorylation-regulated PDZ target proteins is the GluR2 subunit of AMPA receptors. The GluR2 tail with a sequence of IESVKI is known to bind to the PDZ domain of PICK1 and PDZ45 of GRIP1 [100, 101] . The serine residue in the − 3 position of the GluR2 tail can be phosphorylated by PKC. Interestingly, the PKC phosphorylation of GluR2 differentially regulates its binding to GRIP1 and PICK1. The phosphorylated GluR2 has a much decreased binding affinity to GRIP1 PDZ45, but retains a similar binding strength to PICK1 PDZ [98, 99] (Figure 8A ). Structural studies of the GluR2 tail peptide with PICK1 PDZ and with GRIP1 PDZ5 in the PDZ45 tandem revealed that a lysine residue (Lys 83 ) at the αB1 position of PICK1 PDZ would be favourable for its binding to the phosphorylated GluR2 tail peptide. Instead, the corresponding αB1 residue of GRIP1 PDZ5 is a negatively charged glutamic acid, which would repel the phosphorylated GluR2 tail peptide and thus weaken its binding [102] (Figure 8) .
The NR2 (NMDA receptor subunit 2) tail contains a conserved ESDV sequence that is known to bind to the N-terminal two PDZ domains of PSD-95. It was discovered in a previous study that protein kinase CK2 preferentially phosphorylates serine at position − 2 of the NR2B tail. Since the side chain of serine ( − 2) of the NR2 tail is critical for binding to PSD-95 PDZ12, the phosphorylated NR2B has reduced binding to PSD-95 PDZ and thus is selectively removed from synapse via endocytosis [96] . Therefore the CK2 phosphorylation-mediated selective removal of NR2B subunit provides a means of determining the NR2 subunit composition of synaptic NMDA receptors.
Auto-inhibition
Auto-inhibition plays a significant role in the regulation of many proteins. A number of PDZ proteins contain a PBM at the very C-terminal end, which can bind to their own PDZ domain and thus prevent its binding to other ligands. One such example is the C-terminal PBM-mediated auto-inhibition in X11α. The X11/Mint family of multidomain scaffold proteins, comprising X11α/Mint1, X11β/Mint2 and X11γ /Mint3, is involved in polarized trafficking of receptors and ion channels to plasma membranes. Each member of the X11 family contains a conserved PTB (phosphotyrosine-binding domain) domain followed by two C-terminal PDZ domains. X11s have been reported to bind to a number of proteins including presenilin, calcium channels, neurexin and AMPA receptors [103] [104] [105] [106] [107] . It was reported that the target-binding property of isolated PDZ domains is distinctly different from the target-binding property of two PDZ domains connected in tandem [104, 106] . Structural analysis reveals that the two PDZ domains of X11α directly interact with each other forming a tandem PDZ supramodule, and the highly conserved C-terminal tail of X11α folds back and inserts into the target-binding groove of its own first PDZ domain, resulting in a closed conformation of PDZ1 [52] (Figure 8B) . Interestingly, the auto-inhibited conformation of X11α can be regulated by phosphorylation. The X11α PBM contains a highly conserved tyrosine residue at the − 1 position, which is essential for binding to PDZ1. Replacement of the tyrosine residue with glutamic acid abolishes the C-terminal tail's binding to PDZ1, and thus releases the auto-inhibition. Unexpectedly, the tyrosine-to-glutamic acid mutated PBM tail released from PDZ1 occupies the target-binding groove of PDZ2 in the PDZ12 tandem [52] , indicating that the penultimate tyrosine residue of X11α may function as a phosphorylation-dependent switch dynamically regulating the target-binding properties of the PDZ12 supramodule ( Figure 8B ).
In addition to X11α, PBM-mediated auto-inhibition and the underlying structural basis of auto-inhibition have been described for the PDZ domain proteins of NHERF1 [35] , NHERF3/PDZK1 [108] and Tamalin [109] . In these cases, the auto-inhibition is shown to invariably weaken the target binding of the corresponding inhibited PDZ domains.
Allosteric conformational regulation
Multiple studies provide evidence suggesting that long-range allosteric conformational changes can modulate target-binding properties of PDZ domains. For example, helical extensions of PDZ domains, such as those described previously for PSD-95 PDZ3 [30] and NHERF1 PDZ2 [35] , modulate the internal dynamics as well as the side-chain conformation of PDZ domains and thereby enhance their target-binding affinities (Figure 3 ). Cdc42 directly contacts the αA helix of Par-6 PDZ, leading to a conformational rearrangement of the Par-6 PDZ domain, including the carboxy-group-binding loop and αB, allowing PDZ to bind to its ligand with higher affinities [80, 82] (Figure 6D ). In the case of INAD PDZ45, the redox potential of the Cys 606 -Cys 645 pair in the target-binding groove of PDZ5 is allosterically regulated by direct conformational coupling with PDZ4. The Cys 606 -Cys 645 pair in the uncoupled PDZ5 adopts the oxidized state due to a low redox potential. Formation of a PDZ45 locks PDZ5 in the reduced state by raising the redox potential of the Cys 606 -Cys 645 pair [43, 44] ( Figure 8B ). The coupling of INAD PDZ45 is likely to be regulated by protons generated during photon-induced hydrolysis of PIP 2 by PLCβ. Taken together, the above examples demonstrate that the target-binding properties of the extended PDZ domains, as well as homo-or hetero-typic PDZ supramodules, can be regulated by allosteric conformational alterations rooted with different mechanisms. It is certainly possible that additional cases of allosteric-mediated PDZ-target interaction modes will be discovered in the future.
CONCLUSION
The year 2013 marks the 20th anniversary of the discovery of PDZ domains [1] [2] [3] . Enormous advances have been made over the last 20 years in our understanding of the functions and underlying mechanisms of PDZ domain proteins. To date, we know that PDZ domain proteins are one of the most abundant families of proteins in multicellular eukaryotes. PDZ domains play critical roles in very broad processes of physiological functions, and mutations of PDZ domain proteins or their binding targets are frequently associated with various human diseases including cancers, immune diseases and neuro-disorders. The present review tries to summarize the structural features of a number of PDZ domains and their target recognition properties beyond the well-established canonical PDZ domains that are extensively reviewed in the literature. We also discuss some of the known regulatory mechanisms of PDZ-target interactions. It is particularly interesting to note that the catalytically inactive scaffold proteins are not mere passive molecular 'glue', but can in fact actively regulate signalling events. We believe that the supramodular properties of PDZ domains, termed extended PDZ domains, homotypic PDZ supramodules and heterotypic PDZ supramodules in the present review, are the norm rather than special cases for a large portion of PDZ domain proteins. A more general lesson learnt from studies of PDZ domain proteins is that several domains in multidomain scaffold proteins can often form structural and functional supramodules, in contrast with the simple 'beads-on-a-string' model that is commonly perceived for each individual domain in these scaffold proteins. Finally, we believe that a large part of the general principles operated by the PDZ domain scaffold proteins reviewed in the present paper are likely to be applicable for other scaffold proteins as well.
